Understanding the mechanism of action of anti-cancer agents is of paramount importance for drug development. NMR spectroscopy can provide insights into the kinetics and thermodynamics of the binding of metallodrugs to biomolecules. NMR is most sensitive for highly abundant I = 1/2 nuclei with large magnetic moments. Polarization transfer can enhance NMR signals of insensitive nuclei at physiologically-relevant concentrations. This paper reviews NMR methods for speciation of precious metal anti-cancer complexes, including platinum-group and gold-based anti-cancer agents. Examples of NMR studies involving interactions with DNA and proteins in particular are highlighted.
Introduction
The successful clinical application of cisplatin and its second (carboplatin) and third (oxaliplatin) generation derivatives to treat cancers has greatly stimulated interest in metal-based anti-cancer agents. Many precious metal (Ru, Rh, Os, Ir, Pt and Au) coordination complexes are now showing promising anti-tumor activity [1, 2] . Understanding the thermodynamic stability of metal complexes and the kinetics of their reactions with biomolecules is crucial for elucidating their mechanisms of action. Both the ligand and metal ion can play important roles in the anti-cancer effects. Nuclear magnetic resonance (NMR) spectroscopy, the absorption of electromagnetic radiation by magnetic nuclei, is a powerful method for speciation of metal complexes in solution and in biological systems. NMR spectroscopy can often be used to determine not only the structures of molecules (ca. <30 kDa) in solution, but also the strength of metal binding to biomolecules (equilibrium constants, including DNA and proteins) and kinetics of dynamic processes (including rates of ligand exchange on a microsecond to second timescale). This review summarizes the application of NMR methods to speciation in biological systems, with a focus on platinum-group and goldbased anti-cancer complexes in solution.
NMR sensitivity
In principle, NMR signals can be detected for all isotopes that have non-zero nuclear spins (i.e., an odd number of neutrons or protons in their nuclei). The spin (I)-1/2 nuclei (e.g., 1 H, 13 C, 15 N, 19 F, 31 P, 195 Pt) are the most widely studied. The I > 1/2 nuclei (quadruplar nuclei) are less useful in practical NMR applications due to their broad NMR signals caused by rapid quadrupolar relaxation, with the exception of symmetrical environments [3] . Unfortunately, $75% stable magnetic nuclides have I > 1/2. For platinum-group and gold metals, nuclei of interest are 195 Pt (natural abundance of 33.7%), 187 Os (1.64%) and 103 Rh (100%) with I = 1/2, but their sensitivity is not high (especially 187 Os and 103 Rh).
NMR signal intensity is proportional to B 0 2 g 3 (B 0 is magnetic field, g is magnetogyric ratio), while the signal-to-noise ratio is proportional to Polarization transfer methods, such as DEPT (Distortionless Enhancement by Polarization Transfer), can enhance NMR sensitivity for low magnetogyric ratio nuclei [4, 5] . INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) can enhance signal intensities by transferring nuclear spin polarization from sensitive spins (I, usually 1 H) to the less sensitive nucleus (S) [5] . The sensitivity can be increased by a factor of g(I)/g(S) through INEPT. Heteronuclear Single-Quantum Correlation spectroscopy (HSQC) utilizes INEPT to transfer the magnetization from 1 H to a nearby heteronucleus linked through one bond, resulting in 2D NMR spectra (e.g. with Ru(II) coordinated to N7 of guanine and concomitant pstacking intercalation of the non-coordinated phenyl group into nearby base pairs has been characterized by NMR (Table  2 , entries 1 and 2) [9] . The analogous complex, [(h 6 -tha) Ru(en)Cl] + (tha = tetrahydroanthracene), also exhibits combined coordinative bonding and intercalation [10] .
Rhodium

103
Rh is highly abundant (100%) with I = 1/2, but has a very low magnetogyric ratio ( 
Platinum and gold
Platinum complexes are the most widely investigated metalbased anti-cancer agents. 195 Pt (I = 1/2, 33.7% abundance) is useful to study interactions with biomolecules. For example, in the hydrolysis of a Pt(IV) prodrug containing axial haloacetato ligands under physiological conditions, the 195 Pt NMR peak for [Pt(dach)(tfa) 2 (ox)] (dach = cyclohexane-1,2-diamine, tfa = -trifluoroacetate, ox = oxalato) shifts from +1625 ppm to +1425 ppm in monohydroxido [Pt(dach)(tfa)(OH)(ox)] and +1310 ppm in dihydroxido [Pt(dach)(OH) 2 (ox)] ( Fig. 2A ) [26] . The kinetics of binding of Pt complexes to nucleobases can be determined by 195 Pt NMR [27] . Bancroft Other NMR methods NMR can be applied to more complicated systems such as biofluids, including use of high resolution magic angle spinning (HR-MAS) to sharpen broad peaks and study metabolite profiling [39] , and drug delivery systems [40] . HR-MAS is commonly used in solid state NMR (ssNMR) to study polymers, nanoparticles and supramolecular systems [41] . Notably, paramagnetic effects can be useful and have practical applications. Paramagnetic gadolinium-based magnetic resonance imaging (MRI) contrast agents have been widely used for body imaging by shortening the relaxation times of 1 H in H 2 O which interacts with contrast agents. NMR can be coupled with HPLC and mass spectrometry; the combined HPLC-1 H NMR-MS detection is a powerful method to study complicated mixtures of for example, metabolites in human urine, by continuous flow [42] .
Conclusion
NMR spectroscopy is making important contributions to understanding the molecular mechanisms of action of anti-cancer metal complexes by providing valuable insights into their chemical speciation in biological systems. The sensitivity of nuclei to detection is a key concern for NMR characterization and currently most NMR studies are based on ligand rather than metal nuclei. The sensitivity of metal nuclei (as well as other heteronuclei) can often be enhanced by isotope enrichment and polarization transfer methods. Representative examples of NMR studies on precious metal complexes interacting with biomolecules (e.g., DNA, proteins) highlight the powerful potential of NMR spectroscopy for studying, not only the structures, but also the thermodynamics and kinetics of chemical speciation of therapeutic metal complexes in biological systems.
